Relativistic electron-beam nose-erosion techniques have been employed to produce an electron beam with variable pulse shape and bremsstrahlung capability ("dial a pulse"). This capability has been employed to excite a large number of electromagnetic fields inside a canonical cavity. Electron-beam and bremsstrahlung pulse-shape parameters have been varied to produce changes in the electromagntic cavity response.
been employed to excite a large number of electromagnetic fields inside a canonical cavity. Electron-beam and bremsstrahlung pulse-shape parameters have been varied to produce changes in the electromagntic cavity response.
For example, generic cavity test parameters such as displacement currents or conduction currents can be emphasized or de-emphasized.
A theoretical interpretation of these electromagnetic excitations is presented.
I. Introduction
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Recent work has resulted in the development of an adjustable electron pulse shape that can be of great utility in experiments designed to yield information about the behavior of electromagnetic fields in a medium with time-varying conductivity.
In this paper we discuss the electromagnetic excitation of a cavity with these variable electron beam (e-beam) pulses.
A great variety of e-beam pulse shapes are obtained through relativistic ebeam nose erosion techniques by varying the pressure of the gas-filled region of the beam-shaping drift tube. Figure 1 shows a portion of the experimental arrangement employed to obtain such a variable pulse shape.
Selected drift-tube e-beam and bremsstrahlung pulse-3hape parameters can be varied to emphasize different electromagnetic phenomena in the cavity.
For example, if the displacement current, e(aE/at), is an important interaction parameter in the cavity, the e-beam pulse rise and fall times become significant.
II. Experimental Arrangement
Employing the experimental arrangement shown in figure 2, we have excited ,he metallic cavity with a series of e-beam pulses.3' A relativistic electron beam is produced by applying a voltage pulse at the diode (see fig. 1 ) . The temporal shape of the ebeam pulse can be varied by changing the gas and/ or gas pressure in the drift tube. The e-beam dose distribution within the cavity was measured using photodiodes (see fig. 2 ).
The companion paper (reference 5) contains a description of the measurement techniques employed in this work.
III. Theoretical Overview
The following physical considerations can be used to gain insight into the problems that are addressed in this paper. In Section III A we briefly outline the drift-tube physics which allows us to vary or "dial" a pulse shape.
Included is a discussion of the drift-tube gas pressure dependence on charge neutralization time, which is directly related to the e-beam risetime.
The relativisticbeam physics is very compli-cated and not yet susceptible to a quantitative analysis. For example, conventional macroscopic concepts -such as conductivity do not apply at the drift-tube tenuous gas pressures.
Statistical equilibrium is not achieved at such low pressures (below 1 Torr). In Section III B we discuss various aspects of e-beam excitation of the cavity: ( ) the situation when a cavity is excited by a planar current density, (2) the clipping action of air conductivity, (3) e-beam charge deposition, and, finally, (4) the effect of a conductivity gradient.
The physical basis for the experimental results and for the results of the finite difference calculation to be presented can be made easily understandable with the four relatively simple mathematical presentations in Section III B. Charge Neutralization by Direct Impact of Primary Electrons.
As the relativisitic beam penetrates into the drift tube, the Coulomb repulsion of the relativistic electrons causes the beam to diverge.1 2 The beam can only propagate after the proper accumulation of positive ions in the tenuous gas. is a schematic diagram of the beam drift tube with a beam penetrating through it. Figure 5 
The above equations can be represented by a simple equivalent circuit shown in figure 6 .
The circuit has been solved for a number of current densities j(t). The conductivity of o(t) was obtained with a standard air chemistry program. The results of a calculation (based on the circuit'shown in figure 6 ) are presented in figure 7 and demonstrate how the risetime of the E-field can be "enhanced" by the clipping action of the resistor R(t):
corresponding to the resistance of ionized air, where a(t) is the ionized air conductivity in the cavity. (Figure 7 also shows the air conductivity corresponding to the three electric field calculations.)
3. e-Beam Charge Deposition (Ionic Conductivity Relaxation). At late time the field produced by negative capture relaxes very slowly via ionic conductivity. The electric field can be large, but ionized air currents are very small because ionic conductivity is small. A simple expression for the late-time E-field can easily be derived from VxH = EE + a(t)E + j+(t)
We wait until j = 0 and VxH = 0: then, on the floor, (VxH)z = 0, and V2Dx(surface current) = 0.
We then have a purely local relationship, 
implying the possibility of a late-time pulse that relaxes via ionic conductivity if the relativistic electrons with paths that terminate in the volume of the cavity attach to 02 atoms.
4.
Positive Charge Buildup Through Conductivity Gradient.
In this subsection we discuss the possibility of positive charge accumulation occurring when there is a conductivity gradient. This effect would oppose the negative charge electron capture discussed in the foregoing section, and thus affect the magnitude of the cavity electric field at late times. If the divergence of the beam is great enough, and if the electron trajectories do not terminate in the cavity, positive charge can also build up in the cavity.
Consider an extreme r 2 variation in the electron (or photon) fluence: the buildup of a positive charge is essentially due to the spatial (r 2) variation of the simulator fluence and the effect of conductivity.
Imagine a spherically symmetric gamma-ray source as in figure 8 . To see that positive charge will accumulate, we note that near the source the value of the electric field, E, is the saturated electric field E in the radial direction, (see fig. 8 ). The charge density inside the cavity is therefore p = oE =e0 2 3r-Es r E s (6) The charge density is therefore positive and independent of dose, dropping off as rV1 from the source. (Note that if we were dealing with a planar geometry, rather than an r -2 variation of dose with distance, and the field were Es, then the charge density would be zero, i.e., s03E /3x = 0.) Of course, this gradient effect-can be counteracted by direct charge deposition by relativistic electron trajectories that terminate in the relevant spatial region. In the set of finite difference calculationS (figures 9a to 9e) the diffuse relativistic beam pulse shape matches the measured pulse shape shown in figure 5 .
The beam spatial distribution is assumed to be homogeneous.
The early time experimental results are cons istent with these calculated results (figures 9a to 9e) and with the order of magnitude estimates of the peak cavity E-field presented in Section III B-1 (equations 1 and 2).
The early time experimental results and the calculated results are also cons istent with the "clipping effect" result shown in figure 7 based on the solutions of equation (3) (Table I ).
The finite difference calculations summarized in Table I 
The derivation of equation (7) is based on the assumption that relativistic electrons do not undergo multiple scattering or straggling. Equation (8) Therefore, equation (8) has much more relevance to the work discussed in this paper than equation (7) .
As indicated in Sections III B-3 and III B-4, the late time behavior of the measured and calculated E-field depends strongly on the deposition of electron charge and the gradient of conductivity, Va, as summarized in equations (5) and (6) . In the finite-difference calculations shown in figures 9a to 9e, a homogeneous spatial distribution is assumed and the effects summarized in equations (5) and (6) are not expected to be present.
The greatest correlation between the calculated waveforms and the experimental waveforms occurs in shot 5631 (see figs. 5 and 9b). The data in figure 9b correspond to the shortest e-beam pulse and also to the most energetically homogeneous pulse. The electron energy distribution in the doublehumped shots (for example, shot 5639) comes from a much larger spread in time at the accelerating diode and therefore the electron energy in the beam can be much more inhomogeneous than for a single sharp pulse (such as shot 5631, fig. 9b ).
Reference 5 is a companion paper which describes and analyzes an accompanying experimental and theoretical effort to obtain accurate data on the dose rate and relativistic electron energy densities as a function of position, r; electron energy, e; direction, 0 4; and time, t: Figure 2 shows the dosimetry setup used during the electromagnetic field measurements shown in figure 5 and in figures 9a to 9e. The value of the spatially homogeneous dose rate used in the f inite difference calculations agreed to better than ± 30% with the average of the dose rates extrapolated from measurements discussed in reference 5.
V. Discussion and Summary
The ultimate goal of this work is to provide a broad range of e-beam and bremsstrahlung pulse shapes so that a large variety of electromagnetic, ionizing radiation, and conductivity pulse shapes can be generated to study electromagnetic phenomena when parameters such as s(aE/at) and a(E,t)E -are important.
When the displacement current, e(aE/at), Another way used to vary the conductivity of the medium in the chamber is to lower the gas pressure. 10 However, at lower gas pressures the ionized gas conductivity becomes a complicated non-equilibrium phenomenon, and conventional macroscopic conductivity concepts break down.11 The physics in this region is more relevant to our low-pressure drift tube than to the gas-filled cavity where our measurements were made.
The work presented (using the "dial a waveshape"l technique) is a novel experimental approach to the investigation of electromagnetic phenomena in the wave phase, the diffusion phase, and the terribly complicated region in between.
Theoretical interpretation of the relation of the electromagnetic fields within the generic cavity and the e-beam pulse shapes has been presented. The theoretical interpretation of the relationship of drift-tube tenuous gas pressures to e-beam and bremsstrahlung pulse shapes is much less developed than that of the behavior of the electromagnetic fields in cavities in which the macroscopic concept of conductivity can be employed. Diode cathode current as a function of time at 90-kV charging voltage (see fig. 1 ). Comparison of e-beam pulse shape and resulting electric field measured on generic cavity floor.
Note that the risetime of the e-beam pulse was varied from 13 ns (shot 5631) to 50 ns (shot 5638). The e-beam beam width,-risetime, etc. are controllable in a reproducible manner by changing the gas pressure in the drift tube. Electric field (top curve) calculated with equivalent circuit shown in figure 6 and corresponding e-beam-induced air conductivity (bottom curve).
The dose numbers correspond to total integrated dose produced by beam pulse.~6 
